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Abstract — We demonstrate the effectiveness of multiuser de- 
tection for an ultra-wideband (UWB) pulse based direct sequence 
spread spectrum system using code division multiple access. 
Extensive simulations were run using channel soundings of the 
2-8 GHz band collected in a residential setting and character- 
ized by a high level of multipath fragmentation. We show that 
the adaptive minimum mean square error (MMSE) multiuser 
detection (MUD) receivers are able to gather multipath energy 
and reject intersymbol and interchip interferernce for these 
channels to a much greater extent than RAKE receivers with 4 
and 8 arms. We also demonstrate the adaptive MMSE is able to 
reject a narrowband IEEE 802.11a OFDM interferer, even for 
signal-to-interference ratio as severe as —30 dB. We show the 
adaptive MMSE exhibits only a 6 dB penalty relative to the single 
user case for the heavy multi-access interference (number of ■ 
asynchronous users equal to spreading code length). The practical 
RAKE receivers were incapable of effectively rejecting either the 
strong narrowband interference or the heavily loaded wideband 
interference. Even more moderate levels of interference caused 
significant degradation in the performance of the practical RAKE 
receivers. 

I. Introduction 

ULTRA-WIDEBAND (UWB) technology has attracted 
considerable interest in the research and standardization 
communities, due to its promising ability to provide high data 
rate at low cost with relatively low power consumption. As an 
overlay system, UWB will necessarily be required to operate 
in the presence of potentially strong and perhaps multiple 
interferes. Direct- sequence code-division multiple-access 
(DS-CDMA) is well-known as a powerful multiple- access 
technique in the presence of strong narrowband interference. 
While some examination of CDMA for UWB has been con- 
sidered, it has mostly focused on time hopping and not direct 
sequence varieties, and dealt exclusively with treatment of 
wideband interference and not narrowband [1]. 

In this paper, we develop DS-CDMA receivers that combine 
the power of both UWB and DS-CDMA techniques. We propose 
adaptive multiuser receivers using minimum mean square error 
(MMSE) algorithms. These receivers are capable of combining 
energy from the dense multipath return of UWB systems [2j. The 
RAKE receiver is also very effective for multipath combining, 
however our simulations find that the MMSE are more effective 
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than a four or eight fingered RAKE at multipath combining. 
RAKE receiver complexity goes up linearly for each path 
whose energy is exploited. The MMSE complexity is constant 
and always exploits all multipath energy present that falls in 
its observation window and is resolvable [2], In addition, 
the MMSE has the advantage of suppressing intersymbol 
interference (IS 1) due to paths within the observation window, 
which the RAKE receiver rejects only to the level of the 
processing gain. 

While traditional matched filter and RAKE receivers can 
reject narrowband interference by exploiting the processing gain 
of the spread spectrum system, the MMSE multiuser detection 
(MUD) offers much greater interference rejection [3]. MUD is 
perhaps best known for its effectiveness in rejecting wideband 
interferers, or CDMA users in a network where simultaneous 
users access, the channel using unique spreading codes [4]. 
Systems using carrier sense. multiple access technique to access 
the channel are efficient when on average no more than one 
user is accessing the channel at any given time. CDMA systems 
are more efficient when there are many users, or when the 
duration of channel access is long [5]. For instance, for video 
delivery in home there may be only a handful of links active 
at any given time, but these are likely to be of extremely 
long duration. When all links are uncoordinated, CDMA can 
be an effective method of sharing the network under heavy 
load since collisions do not necessarily result in lost packets. 
CDMA systems on different overlay networks will reject the 
other networks in the same manner as interferers on the same 
network. 

We test the MMSE MUD receivers in the presence of both 
narrowband IEEE 802.11a interference and co-channel UWB 
interference. Extensive simulations are presented using channel 
soundings of the 2-8 GHz band collected in a residential setting 
[10]. Simulation results demonstrate that the proposed receivers 
are capable of supporting up to 1 6 UWB users in 3-6 GHz band 
transmitting 1 00 Mb/s per user, using chip rates of 1 .5 Gc/s with 
a signal-to-noise ratio (SNR) penalty of 4-6 dB over the more 
than single user channel. This same performance can also be 
achieved in the presence of a strong narrowband (NB) inter- 
ferer. The conventional RAKE receiver technique shows high 
error floors in the presence of interference. The increased per- 
formance of the MMSE MUD receiver is achieved at the cost of 
high computational complexity. 

In Section II, we describe the proposed DS-CDMA UWB 
system and the interference environment in which it will 
operate. We give the structure of the MMSE MUD receiver and 
RAKE receivers. In Section III, we develop analytical bit-error 
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Fig. 1. System model. 

rate (BER) expressions for the receivers under the simplifying 
assumptions of equal power CDMA users and approximate 
Gaussian distribution of the interferers. In Section IV, we 
present results from our extensive simulations using multipath 
data gathered for 2-8 GHz in a residential environment, 
summarizing our results in Section V. 

II. System Description 

We consider a /C-uscr DS-CDMA system signaling through 
multipath UWB channels, where each user employs binary 
phase- shift keying (BPSK) direct-sequence spread-spectrum 
(DSSS) modulation. We consider the problem of detecting 
one 'desired user's bits. The block diagram of the system is 
illustrated in Fig. 1 . 



AWGN. 
n(t) 



y(0 



J^ j Receiver lor "G^T] ^ 



A. Transmitter Structure 

The transmitter end is shown in the upper left part of Fig. 1 . 
The equiprobable binary bit stream {b k (i)} € {1,-1}** x 
for user fc, k = 1 , . . . , K t is BPSK modulated by a signature 
waveform That is, b k (i) = 1 is mapped to s h (t) and 

WO = .-1 is mapped to M is the number of bits per 

packet and there are K simultaneous, asynchronous DS-CDMA 
users. Each DSSS signal is then transmitted through its multi- 
path channel hi(t). The transmitted signal generated by the fcth 
user is given by 




0) 



Fig. 2. The pulse shape after bandpass nTteriug. 

Due to the anticipated Federal. Communication Committee 
(FCC) restrictions on UWB overlay, we employ bandpass 
filtering to the transmitted pulse. The pulse p 2 (t) after the 
bandpass filter is depicted in Fig. 2. 

B. Channel Model 

We assume a time-invariant, asynchronous multipath channel 
for each user. The fcth user's signal is transmitted through the 
multipath channel with impulse response (IR) h k (t). The re- 
ceived signal due to user k is 

Vk(t) = *k(t) <2> h h (t) (3) 

where <g> denotes convolution. The total received signal is then 



The bit b k (i) could be either a data bit or a training bit that is 
known to receivers. It is assumed that s k (t) has unit energy and 
consists of N UWB pulses that are modulated by the signature 
sequence of user fe. For this analysis and simulation, we make 
the simplifying assumption that all users are received with equal 
power. 

In this model, the UWB pulse denoted by p(t) is assumed 
to include the differential effects in the transmitter and receiver 
antenna systems. A typical pulse employed in the literature [1], 
[6] is the second derivative of a Gaussian pulse given by 



r(t) = $[>*W + n / (*)+*(*) 
fc-i 



(4) 



where n f (t) is a zero-mean narrowband OFDM signal cor- 
rupted by multipath fading, and n(t) is zero-mean addilive 
white Gaussian noise (AWGN). Although not shown explicitly 
in (3), we assume random time delays in channel TRs hk(t) for 
the asynchronous case. 

C. Receiver Structure 

The MMSE receiver consists of a bandpass filter and an adap- 
tive filter. The bandpass filter suppresses noise and interfer- 
ence out of signal band to increase SNR. The adaptive filter is 
a finite-impulse response (FIR) filter that essentially acts as a 
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Fig. 3, Illustration of v fc (/). 

correlator. While a matched filter correlates with the transmitted 
waveform, the MMSE is the linear iilter that minimizes the MSE 
no matter what type of noise may be present. 

At each bit epoch, a bit decision is made at the output of corre- 
lator and is then fed back to the adaptive filter. The observation 
window of the filter is typically longer than 1 bit interval and, 
therefore, windows overlap in time. Tap weights for the adaptive 
filler are adjusted adaptively using least mean square (LMS) or 
recursive least squares (RLS) [7]. The adaptation works in two 
stages (training and decision directed), initially using a training 
sequence to adapt to the channel, and then in decision directed 
mode using hard decisions at the correlator output. A summary 
of the discrete time MMSE algorithms is given in the Appendix, 
with notation defined in Section IVL 



where h b (t) is the IR of the bandpass filter. Define L x and L 2 
such that any of the multipath corrupted signals, {z k (t)} k * is 
limited to L x + + I observation windows 

(t 0 + (i- )T h% t 0 + (i-l)T b +r w ) % i = -L Xj -L x +\ -.-^2. 

That is, when delecting the first bit of user 1, observation win- 
dows -Iri to L 2 will contain all energy from user k for that 
single bit. Define 



111. PERFORMANCE ANALYSIS 
The BER performance of the MMSE receiver is derived in 
this section. We assume without loss of generality that user 1 is 
the desired user. 

A. Performance of MMSE Receiver 

Let the observation window of the MMSE filter be of duration 
w . The ith window is given by 

(t 0 + (i-im,to + (i-l Zi + T„) 

where b £ 1/symbol rate. We set t 0 so that the ith observation 
window contains the bulk of the energy from user Ps ith bit 
(in the simulations we use side information about the channel, 
in a practical receiver an autocorrelation peak could be used to 
detect crude timing information). 

For notational simplicity, we employ a discrete time model. 
The received signal (*) in (4) is first filtered by a bandpass 
filter to suppress out-of-band noise, assisting convergence of the 
adaptive filter. Denote the bandpass filler output as r b (t), which 
is sampled at a rate f H greater than the Nyquist rate. Suppose 
user fc transmits a single positive bit through the channel which 
is received as 



Zfc(fc) = H k {t) ® h k (t) <g> M0> k : 



~ TV 



JO — 777 (6) 



z k j) * *k(j .). ?U) = r (jTJ, ft/( ) = n fb {jTs) 



n(j) = ntO'TO 



(7) 



for j _ 1,2,. .. and where N bt N w , and jo arc assumed to 
be integers; N w is the number of samples in each observation 
window; the symbols with a tilde denote the corresponding dis- 
crete time samples of the continuous time signals previously 
defined; r fc ( • ), n/t( ■ ). and n b { • ) denote the bandpass filtered 
versions of r( • ),«/( ■ )M • >* respectively. We will now parse 
the signal z k {j) into overlapping segments that represent its 
contribution to each observation window that it affects. The seg- 
mentation is 



.,L 2 (8) 



where z k {j) = 0 outside the finite IR of the channel. Fig. 3 
illustrates the segmentation of z k {j) into overlapping segments 
Vfc (Z). Recall that theilh bit decision for user 1 occurs in window 

* Denote the adaptive filter taps and the received signal in the 
ith bit's observation window, respectively, as 



w = [w(l-) 

ll(i) ^ [f(* 0 + (* 



:1, s ...,iC (5) 



(2) v>(N w )] V i 
l)N b +l) f(io + (»" 



(9) 



rOo + (* - ^ + ' 



(10) 
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Now using (7), we rewrite (10) as 
i< L 2 

U (*) = 5Z S 0v*.(0 l-n/OO-f n(z) 

fc=l i= L, 

for L 2 <i (11) 

where the sampled versions of the NB interferer and AWGN are 
given, respectively, as 

n / = [»/(io + (« - 1)** + 1) n/Cio + (* - l)Af,, + 2) 

'•■ + (*- l)K b + N w )] T (12) 

n = [n(j 0 + (* - - r 1) n(j 0 H (i - l)iV ft 4- 2) 

■•• «C?o + (i - 1))V 6 + AT w )f. (13) 

The optimal MMSE filter laps w to detect user I 's ith bit are 
given by 

= arg nun w 7/ £{u(v:)u /f (i)} w 

-2Re{w»£{6|<*)u<i))} (14) 
where ^ denotes conjugate transpose. 

We assume independence between all users' bits 6*(0. inter- 
ference rt/(-i), and noise n(i). From (14) and the independence, 
the two expectations in (14) are given by 

K L 2 

E{ix{i)vi H {i)} = 52 53 v *(0vf(0 +R/ + R (15) 
^i(*)u(*)} = v,(0) (16) 

where R, * #{i V n}'} and R = #{nn"}. The solution to 
(14) is then given by 



K Li 

£ £ v»(l)vf(0 + R,+R 



Jfe=.l i = -L 



vi(0). (17) 



The matrix R/ and R are the covariance matrixes of ri/ and 
n, which consist of autocorrelation coefficients of lags of w/(j) 
and w(j) . Since n(t) is AWGN and the response of the receiver's 
bandpass filler is known, the autocorrelation function of n(j) 
can be computed, leading to (he matrix R. Note that n f (t) is 
a narrowband multipath-corrupted OFDM signal. R 7 can be 
computed from the spectrum or the autocorrelation function of 
»/(*)• 

Before computing the BKR of the optimal MMSE receiver, 
we derive the distributions of the three residual impediments at 
the output of the adaptive filter: 1 ) AWGN; 2) multiaccess inter- 
ference (MAI); and 3) OFDM interferer. Denote the ith output 
of the MMSE filter as 

- w"u(») = w^vtOftti) + « m (i) + e/ (i) + « a (i) 

(18) 

where e m (i) is the residual MAI; e f (i) is the residual OFDM 
interference; and c y (i) is the residual Gaussian noise, all after 
filtering. Due to assumptions made in Section II, &,„.(*),*»/(»), 
and e„(i) have zero mean. Both the bandpass and MMSE fil- 
tering are linear operations, therefore, ti n (i) is a linear combi- 
nation of Gaussian noise n(b)> and e y (i) is Gaussian. In f8|, 



it is shown that the distribution of the MAI at the output of 
a linear MMSE multiuser receiver is approximately Gaussian 
under general conditions. Next, we show ci f (i) is approximately 
Gaussian. 

Denote the signal at the output of OFDM transmitter as f{t) 
as shown in Fig. 1 . Then, /(/) is given by 



(19) 



where Q is the number of subcarriers and Q m (t) is Ihe modu- 
lated signal on the mth subcarrier. For random data g^d) are 
independent of each other for m = ] , . . . Q. The magnitude 
of g nx (t) is bounded, i.e., \ff m (t)\ < A, and we assume each 
subcarrier has the same power, i.e., Var{/; m (t)} = i> 0 . By a 
corollary of central limit theorem [9], n/(t) is asymptotically 
Gaussian for large ft. For instance, IEEE 802. 1 la systems meet 
these assumption and have Q large (52 subcarriers). Since mul- 
tipath channel /t/(t), bandpass filter, and the MMSE filter are 
all linear operatcrs, c f (i) is a linear combination of f(t) and, 
thus, it is approximately Gaussian. 

Since the noise terms in (18), ri m (t), fi/ (z), and e a (i) are in- 
dependent and approximately zero mean and Gaussian, the BER 
is given by 



of I 



(20) 



where a^a*. and a) are the variances of e m (i),<v(»). and 
(i g (i) f respectively. The variances are given by 



"2. = E£i*" v *<oi 2 
^=* 2 £i^(;)i 2 



(21) 
(22) 



where h^„{j) = h b (j) <8> w( j) is the combined equivalent filter 
response of the receiver bandpass filter and the optimal adaptive 
filter w; 2cr 2 is the power spectral density of die AWGN; aj is 
determined by the spectrum of n f (t) and the filter h^JJ). Once 
the system parameters are known, i.e., UWB users' spreading 
waveforms, OFDM interferer 1 s constellation, and the mullipath 
channels, the BER can be computed. 

The ideal MMSE tap weights are computed for each of the 
channel realizations in the simulation section, using information 
on the bandpass filter, OFDM spectrum, etc. The BER perfor- 
mance of these receivers is averaged and presented in the curves 
labeled "MMSE analytic." They represent a lower bound on the 
performance of the adaptive versions of the MMSE receiver. 

B. Performance of HAKE Receiver 

We compute the optimal performance of the RAKE receiver 
next. To achieve the optimal performance, we assume the re- 
ceiver knows the desired user's channel IK and there are an in- 
finite number of fingers available. Under these assumptions, the 
optimal RAKE receiver can be implemented as a matched filter 
matched to the desired user's received signal, y\ (/,), shown in 
Fig. I. 
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To find the BER performance, we must further assume that 
the MAI is Gaussian. This is a reasonable assumption for large 
numbers of users with similar received powers, i.e., the receiver 
does not encounter near-far problem. By substituting the filter 
tap weights of (17) with those of (23), the BER of the optimal 
RAKE receiver is given by (20M22). The optimal RAKE is 
computed for each of the channel realizations in the simulation 
section. Since the performance tracks with that of the infinite 
RAKE simulations they are not reported in the figures. 



(a) 

Fig. 4. A measured UWB channel IR (a) line-of-sight und (b) nonline-of-sight. 

We employ the same discrete time model and notations in 
Section III to find the filter taps w matched to Vi (*). Using the 
previous development tor the MMSE filter, we can tind the ideal 
RAKE receiver by the following manipulations: 1) set the IR 
of the receiver bandpass filter to the Dirac delta function, i.e., 
h t t \ = m) (as the RAKE receiver does not need the bandpass 
filter)- 2) set the window delay j 0 to zero; 3) set the observa- 
tion window width to the duration of user l's received symbol 
length, i.e., the length of z x (*) in (5); and 4) set the filter weights 
w to 




< < ->-• 



IV. SIMULATION RbSULTS 

In this section, we present extensive simulation results for 
the performance of a DS-CDMA system with three types of re- 
ceivers: 1) the matched filter receiver; 2) the RAKE receiver; 
and 3) the MMSE receiver. We use a chip rate of 1.5 GHz and 
length 15 spreading code (Kasami codes were used). All simu- 
lations use the multipath UWB channels that are randomly se- 
lected from 800 UWB channel realizations measured in a home 
environment as reported in [10]. Our goal is to examine the per- 
formance for the following scenarios: 

a) multipath channel, no intcrferers; 

b) multipath channel, one NB interferer; 

c) multipath channel, multiple DS-CDMA UWB signals; 

d) multipath channel, one NB interferer and multiple 
DS-CDMA UWB signals. 

The receivers will do well in scenario (a) if they can capmre 
a large percentage of the multipath energy, while combating in- 
tersymbol and interchip interference (ISt). In scenarios (b), (c), 



and (d), the receivers must suppress differing sources of inter- 
ference, as well as providing multipath combining and reducing 
151. 

Due to space constraints the majority of results presented 
are for the more realistic and challenging nonline-of-sight 
(NLOS) channel. We have completed line-of-sight (LOS) 
simulations as well and report these results qualitatively in the 
text. Simulations represent the BER after averaging over 20 or 
50 channels. Twenty channels were used instead of 50, when 
simulation time was excessive, i.e., where we vary the SNR, as 
well as the signal-to-interference rado (SIR); SNR = (B b /N 0 ) 
and SIR = (Power of UWB/Power of OFDM). Note that SNR 
and SIR values are as measured at the receiver and, therefore 
we examine the multipath performance, but not the fading 
per-formance. 

The channel impulses employed in analysis and simulation 
are measured in an indoor environment, inside a townhouse 
[10] One "typical" LOS and one "typical" NLOS channel IR 
are shown in Fig. 4. The channel IRs in the 2-8-GHz band 
were sampled at 16 GHz. We used an order 6 Chebyshev 
bandpass filter at both transmitter and receiver, with passband 
3-6 GHz for all simulations. Simulations were completed with 
the 16 GHz sampling rate. 

The narrowband interference we generate is an IBEE 802.1 la 
OFDM signal that occupies a relatively narrowband width com- 
pared with that of UWB. This interferer was chosen, as the 
frequency range for a UWB overlay system is likely to include 
the 5 GHz band where the IEEE 802.11a system operates. 
The popularity of IEEE 802.11b wireless local area networks 
presages the possible extensive use of the higher bit rate 
802.1 la systems. In our simulations, the OFDM signal passes 
through one of the typical UWB channels measured in [10]. 
We vary the received SIR for the OFDM system from -30 
to 0 dB relative to the received signal energy of the desired 
UWB signal. This interference range was selected based on 
the following discussion. Assuming the UWB system has a 
3-GHz bandwidth and was allowed to operate at FCC part 15 
signal levels of -41 dBm per MHz, and also assuming the 
OFDM signal was transmitted 100 mW, the SIR would be 
-26 dB for the UWB and OFDM transmitters equally distant 
from the UWB receiver. The 0 dB value of SIR corresponds 
roughly to an OFDM transmitter some 5 m more distant than 
the UWB transmitter. 
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Fig. 5. BKR performance in single-user NLOS UWB channels without 
interference. 

The wideband interference is the MAI from other UWB 
users operating in a DS-CDMA network. We only examine 
the situation where all interfering UWB signals arrive at the 
receiver with equal energies. We present results for 0 to 15 such 
interferes, which gives a simplistic indication of performance 
in the presence of stronger interferes (i.e., 15 equal power 
intcrferers could be compared with a single user that is 12 dB 
stronger). 

The RAKE receivers implemented include the matched filter 
or single finger RAKE, a four finger, an eight finger, and an infi- 
nite finger RAKE. Side information of channels is used to per- 
form maximum ratio combining [11] for ail RAKE receivers. 
The infinite RAKE (actually about 1200 fingers depending on 
channel realization) uses exact information about the channel 
to essentially capture all multipath energy and is not practically 
implementable, but is included as a bound to RAKE perfor- 
mance. We restrict the multiple finger RAKE receivers to have 
minimum 250 ps time separation between fingers as a reason- 
able physical limitation for receiver hardware. Moreover, the 
fingers are located at the time delays that correspond to the 
greatest peaks of matched filter output with only one symbol 
transmitted. 

The MMSE multiuser detector is implemented adaptivcly 
using both the RLS and LMS adaptive algorithms. We use 
training signals of 500 bits followed by decision directed 
operation. With the channel unchanged, we average over many 
packets to measure the BER, using decision directed mode 
exclusively in non initial packets and allowing the adaptation 
to continue from its previous settings. We will see that the 
RLS receiver is more robust to differing interferes, indeed the 
LMS is unable to reject strong (SIR = 30 dB) narrowband 
interference. Two versions of these adaptive receivers are 
presented: 1) a high-order filler (tap spacing of 62.5 ps) that 
could represent an infinite tap MMSE, or an analog MMSE; 
and 2) a more realistic lower sample rate version that has tap 
spacing equal to half a chip interval, or 333 ps. The observation 
window of the MMSE detector is taken to be two symbols 




llfi. 6. BliK performance in single-user LOS UWB channels without 
interference. 




Rg. 7. BER performance in single-user NLOS UWB channels with OFDM 
interference. hhoxSITi =: —30 dB. 

(60 samples for low sampling rate version). We use side 
information about the channel to center the early paths in 
the front one third of the observation window. (Without side 
information the autocorrelation peak could give crude timing 
information for this placement.) All CDMA users operate 
asynchronously and no timing recovery is needed by the 
adaptive MMSE receiver. 

Simulations results are presented in the ensuing sections. 
Section IV-A covers scenario (a) of a multipath channel with no 
interference and serves as baseline performance of the receivers 
under examination. Section IV-B examines performance for 
scenario (b) where one OFDM 802. Ha NB interferer is present. 
Section IV-C examines scenario (c), a CDMA system with up 
to 16 simultaneous users accessing the same bandwidth (wide- 
band interference). Finally, Section IV-D covers scenario (4) 
where both narrowband and wideband interference is present. 



BNSDOCID: <XP. . 2260739A I > 



IJ AND RUSCH: MULTIUSER DETECTION FOR DS-CDMA UWB IN THE HOME ENVIRONMENT 

10° 



1707 





Fig 8. BER performance in single-user NLOS UWB 
interference. hboxSIR - 0 dB. 



SIR varies from -30 to 0 dB with 5 dB increment 
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Hg.9. TheBERpcrfo^anceofcightfingcrRAKRreceive^ 

u<£r in NLOS UWB channels and in the presence of one OFDM interferes SIR 

varies from -30 to 0 dB with 5 dB increment. 

A. Multipath Channel. No Interferes 

Results for this section are presented in Fig. 5 for NLOS 
and Fig 6 for LOS, where we have averaged over 50 UWB 
channels in each case. The curves marked AWGN are the per- 
formance of maximum-likelihood (ML) receiver in an AWGN 
single path channel. The infinite RAKE is an idealized receiver 
that achieves within 1 dB of the AWGN bound, suffering only 
slightly from IS1 due to the high processing gain of this receiver. 
The matched filter or single finger RAKE is a poor performer, 
while the 4- and 8-fmger RAKEs are able to capitalize on the 
multipath energy to a limited extent. The MMSE analytic curve 
is calculated using (14) with zero interfering energy; it repre- 
sents the best possible performance of the adaptive MMSE and 
has a 1 dB penalty relative to the infinite RAKE. The adaptive 
versions with high sampling rate show almost ideal performance 
for high SNR, but a 1 dB penalty at low SNR due to errors 
in the decision directed mode. The lower sampling rate adap- 



Pio it The BFR performance of MMSE receivers using RLS algorithm with 

less for asingle UWB user 
and in the presence of one OFDM interferer. SIR vanes from —30 to 0 dB with 
5 dB increment. 

live MMSE exhibits only a 1 dB penalty relative to the analytic 
MMSE results. Although curves are only presented for the RLS> 
version (due to space constraints), results for the LMS are al- 
most identical. 

Comparing Figs. 5 to 6, we see that the LOS channels lead 
to better performance for the matched filter and 4- and 8-finger 
RAKEs This is due to the LOS channels packing more energy 
into fewer paths, giving a 3-6 dB-advantagc relative to NLOS. 
The MMSE detectors also benefit by approximately 1 dB Irom a 
tighter packing of multipath energy (lower mean excess delay), 
as more of the multipath energy is contained in the observa- 
tion interval. The AWGN and infinite RAKE results are un- 
changed as they already gather all energy. No other results are 
presented for LOS channels due to space constraints, however, 
comparable qualitative results for the relative performance of re- 
ceivers in LOS and NLOS hold through for all scenarios. Note 
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Fig. 12. The BER performance of MMSE receivers using LMS algorithm with 
Nyquwt sampling rate and less for a single UWB user in NLOS UWB channels 
and in the presence of one OFDM interfercr. SIR varies from -30 to 0 dB 'villi 
5 dB increment. 



SNR (dB) 



Fig. 14. BER performance of Hie infinite finger RAKE. The desired user's 
channel is fixed on a NLOS UWB channel (see Fig. 4(b)]. The number of UWB 
users varies from 1 to 16, where all users have the same received power. 




M&i** ™ C BRR P error ™^e in NLOS UWB channels in the presence of 15 
UWB intcrferers all with the same received power. 

that the MMSE receiver exploits only the signal in the observa- 
tion window, i.e., a segmentation of 20 ns, whereas the infinite 
RAKE receiver operates on the whole received spread symbol. 

B. Multipath Chtinnel, One NB Interferer 

Results for this section are prescnied in Figs. 7-r2, where we 
have averaged over 20 UWB sets of channels in each case. The 
SIR is varied from 0 dB (i.e., equal received energy for UWB 
and intcrferer) to -30 dB (interfercr 30-dB stronger than the 
UWB signal). Roughly speaking, 0 dB SIR corresponds to the 
interferer being 5 in more distant that the desired UWB trans- 
mitter, while -26 dB is for equidistant transmitters. First, the 
extreme values of SIR are plotted to see general receiver perfor- 
mance, then, specific receivers are shown for the entire range of 
SIR values. 

In Fig. 7, we see the matched filter, 4 and 8 finger RAKEs are 
completely overwhelmed by the strong interfercr and give BER 



Hg. 15. BER performance of MMSE receiver using RLS algorithm. The 
desired user's channel is fixed on it NLOS UWB channel [see Fig. 4(b)] The 
number of UWB users varies from 1 to 16, where all users have the same 
received power. 

near one half. The LMS algorithm for MMSE is also unable to 
deal with the strong interfercr and gives only marginally better 
performance than the RAKEs. The RLS algorithm on the other 
hand is able to completely excise this interfercr and achieves 
the same performance as the noninterferer case shown in Fig. 5. 
The parity interferer case of SIR = 0 dB is given in Fig. 8 and 
we see that now both the RLS and LMS algorithms reject the 
NB intcrferer. The same is true of the analytic MMSE and the 
infinite RAKE. The matched filter, 4 and 8 finger RAKEs show 
about a 3 dB penalty relative to the no interference case. 

In Fig. 9, we see the gradual degradation in performance of 
the 8 finger RAKE as the SIR varies. Results for the matched 
filter and 4 finger RAKE are similar, with poorer BER. In 
Fig. 10, the infinite RAKE also exhibits gradual degradation 
with increasing SIR. This range of SIR fills the performance 
range from ideal to complete collapse. The RLS algorithms 
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Fia. 16 B BR pcrfomiancc of the MMSE using RLS algorithm with a sampling 
rate lower than Nyquist rate. The desired user's channel is fixed «« NlOS 
UWB channel [sec Fig. 4(b)]. The number of UWB users vanes from 1 to 16, 
where all users have the same received power. 



10' 



„ - -<■ 







i*3 



.< . 









RAKE. 8 amra 




RAKE. -arms 




RLS 




RLS. kw samp 




AWGN 



Number of User* 




Fig. 18. BER performance in NLOS UWB channels in the presence of 15 
UWB interferes all with the same received power and one OFDM interterer. 
SIR = -30 dB. 




Fig. 17. BER performance versus number ot users m the ^^*^™} 
user's channel is fixed (see Fig. 4(b)] and SNR is fixed on 8 dB. ! he number of 
UWB users varies from 1 to 16, where all user(s) have the s».i.e rece.ved power. 

(both high and low sampling rates) have performance equal 
to the no interference case for the entire range of SIR, as 
seen in Fig. 11. The degradation of the LMS algorithm seen 
in Fig. 12 is not at all gradual as with the RAKEs. The LMS 
algorithm begins effectively rejecting the interferer from about 
-25 dB. Note that differences between the MMSE analytic 
results and simulated are due to insufficient training as the 
channel is static. 

C. Multipath Channel, Multiple OS-CDMA UWB Signals 

Results for this section are presented in Figs. 1 3-1 7, where we 
have averaged over 50 UWB channels in each case. The case of 
15 asynchronous interfering signals is an extremely heavy load 
for a DS-CDMA system with length 1 5 spreading. In Fig. 1 3, we 
see that all RAKE receivers are overcome by the multiple access 
interference (MAI). Even the infinite RAKE exhibits flat BER 



Fie 19 BER performance in NLOS UWB channels in the presence of 15 
UWB intcrferers and one OFDM interference. All UWB users have me same 
received power. SIR = 0 dB. 

of about 10%. The analytical results for the MMSE show about 
a 4-dB penalty while increasing the system throughput dramat- 
ically due to simultaneous transmissions. The high sampling 
rate RLS algorithm is able to capitalize on this MAI rejection 
capability, achieving the analytical bounds in high SNR region. 
The low sampling rate RLS shows a 6-dB penalty relative to the 
single user case (Fig. 5), but shows no error floor. 

tn Fig. 14, we see how the infinite RAKEs performance 
breaks down dramatically as more users are added to the system. 
With a reasonable load of live interferes, a 4-dB penally* 



seen at BER = 10' 2 and 9-dB penalty by BER = 10 
The high sampling rate RLS in Fig. 15 shows only at most 
3-dB degradation, and in Fig. 16 the low sampling rate RLS 
shows gradual degradation in performance as the number of 
interferes increases, to the maximum penalty of about 7 dB for 
the SNR values plotted. In Fig. 17, we fix the SNR to 8 dB, and 
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plot the performance of various receivers versus the number of 
users in the system. 

D. Multipart Channel, One. NB Interferer and Multiple UWB 
Signals 

Results for this section are presented in Figs. I £-20, where 
we have averaged over 20 UWB sets of channels in each case. 
For the extreme case of heavy network load (15 interferers) and 
strong narrowband interference, the performance of each re- 
ceiver is plotted in Fig. 18. Only the high sampling rate RLS 
has reasonable performance— effectively rejecting the NB in- 
terferer, with only a 2-dB penalty compared with only wide- 
band interferers. The low sampling rate RLS also continues 
to be effective against the NB interferer with a 4 dB penalty. 
All RAKE receivers have BER of one half, including the infi- 
nite RAKE. 

In Fig. 19, we have a heavy MAI load, but SIR is now 0 dB. 
The previous performance (separate cases of MAI only and 
NB interference only) combine intuitively in this plot. The 
LMS and RLS are now able to reject the NB interference and 
are only limited by the MAI. The RAKK receivers have the 
same flat performance in Fig. 13 as the MAI dominates the NB 
interference. 

Finally, in Fig. 20 we sweep through the values of the SIR 
while holding the MAI high at 15 interferers. We examine the 
performance of the of the infinite RAKE in (a), the LMS MMSE 
receiver in (b), the high sampling rate RLS MMSE receiver in 
(c), and the low sampling rate RLS MMSE receiver in (d). The 
RLS receivers reject all the NB interference, i.e., for all SIR. The 



LMS becomes effective at SIR = -20 dB, no longer exhibiting 
an error floor, while the infinite RAKE has flat performance for 
all SIR. 

V. Conclusion 
We have demonstrated the effectiveness of multiuser 
detection for a UWB pulse based direct sequence spread 
spectrum system using CDMA. Extensive simulations were 
run using channel soundings of the 2-8 GHz band collected in 
a residential setting. We examined the MMSE MUD detector 
ability to gather multipath energy and reject intersymbol and 
interchip interference for these channels. Despite extremely 
fragmented multipath for the NLOS channels, the ideal MMSE 
was able to achieve BER at only a 1 or 2-dB penalty from 
the AWGN lower bound. The adaptive MMSE showed only 
an additional decibel of loss over the ideal version. The 
RAKE receivers with four and eight arms were much less 
effective at gathering up the multipath energy (no interference 
present). 

We examined the interference resistance of the MMSE MUD 
detecior to a heavy load of multiple access interference (up to 1 6 
users in a system with spreading length 15) and in the presence 
of a strong NB interferer following the IEEE 802.11a OFDM 
standard. The high sampling rate MMSE and the ideal MMSE 
were found to reject the NB interferer without problem even 
for SIR as severe as -30 dB. These idealized receivers also 
showed only a 4-dB penalty for the heavy MAI load versus the 
single user case. A more practical lower sampling rate adaptive 
MMSE receiver was also investigated (3 GHz sampling rate for 
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bit rates of 100 Nfb/s and length 15 spreading code). This re- 
ceiver also rejected the NB interferer handily and showed a 6-dB 
pcnaltv for the heaviest load MAT investigated. The practical 
RAKE receivers were incapable of effectively rejecting either 
the strong narrowband interference or the heavily loaded wide- 
band interference. Even more moderate levels of interference 
caused significant degradation in the performance of the prac- 
tical RAKE receivers. 

APPENDIX 

Parameters: N w — number of taps 
j 0 - window starting point 
Filter received signal using band pass filter and sample the fil- 
tered signal to 

obtain digital samples r(j) y j = i, 2, . . 
Initialization: w = 0. 
Training Stage: 

FOR i = 1: no. of training bits, DO 

1) Get bandpass filtered data, 

u(») - [fOo + (* - + 1 ) ' ' ■ f I* + - 1)Nb + 

2) Compute filter output, 
p(i) = w H u(i); 

3) Compute error, 

4) Update filter w based on l.MwS or RLS algorithm; 
END 

Decision-Direct Stage: 

FOR i = no. of training bit + 1 : no. of bit in each packet, 

DO 

1) Get bandpass filtered data. 

u(i) = [f(j 0 +(i-l)Ak + l) ' ' * ry 0 + (t-l)JVfc + 

2) Compute filter output, 
j3(i) = w H u(i); 

3) Estimate data bit, 
6i(i) -= sienO0(*)); 

4) Compute error, 

5) Update filler w based on LMS or RLS algorithm; 
END 
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